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CERN - the European Laboratory for Particle Physics is situated in Geneva, at the border 
between Switzerland and France. LEP - the Large Electron Positron collider is housed in an 
underground tunnel of 27 km circumference. This instrument for the study of the laws 
describing electronweak interactions, is capable of achieving the highest energy so far in 
electron. 
The beam energy is now increased in the LEP 2 - project, by the installation of superconducting 
accelerating cavities operated at 4.5 K. For cooling these cavities, four large helium cryoplants 
are installed, where each of them has an equivalent cooling power of 12 kW at 4.5 K. 
Dr. Eng. Geir Owren has developed a general simulation program for the cryoplants at CERN. 
It is desirable to improve and further develop the program, in order to investigate different 
modes of plant operations. The simulation program has two important restrictions. The turbine 
efficiencies are constant and independent of the operating conditions. The second limitation is 
the heat-exchanger models, which are independent of the change in mass flow. 
The diploma work is divided into the following tasks: 
1. Implementation of a new model for the turbines. This model should take into account 
the change of efficiencies in off-design mode. The necessary data for the turbines are 
taken from measured data, or data from the turbine-manufacturers. 
2. Both heat transfer (kA-values) and pressure drop in heat-exchangers are influenced by 
the flow rate. Thus, the task is to improve the mathematical model for the heat 
exchanger and implement this into the existing program. Necessary is a discussion of 
different heat-exchanger models as a function of complexity. 
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3. The 12 kW cryoplants installed for the LEP 2 - project should be simulated with the 
improved program code. The objective is to compare the simulated results with measured 
data from the plants. 
4. An analysis of the plants based on the simulated and measured data should be performed. 
As results are expected, recommendations for optimizing the operating modes, for 
instance, for part load strategies or recovery mode. 
The diploma work will be performed in the Cryogenic group (CR) at the Division of Accelerator 
Technology (AT) at CERN, Switzerland. 
The thesis should be formulated as a research report with summary both in English and 
Norwegian, conclusion, literature references, table of contents etc. During preparation of the 
text, the candidate should make efforts to present a well arranged and well written report. In 
order to ease the evaluation of the thesis, it is important to crossreference text, tables and figures. 
When evaluating the report, a thorough discussion of the results will be valued. 
The candidate shall follow the rules and regulations of CERN as well as possible directions 
given by his superiors. The candidate is not permitted to interfere in the running of production 
equipment, as all orders are to be passed through the regular channels of the company. 
Advisors: Eirik Melaaen 
Poul Frandsen 
Department of Refrigeration Engineering 
The Norwegian Institute of Technology 
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Summary 
New calculation routines have been developed for the Cryoplant simulation 
program. These routines make it possible to simulate off-design modes in the 
l' Air Liqude cryoplan.ts here at CERN. 
The new model for a heat exchanger calculates the heat-transfer coefficient 
dependent on the volume fl.ow through the heat exchanger. The model for a 
turbine, calculates the mass fl.ow and the isentropic efficiency for the turbine 
according to the operating conditions. 
The l' Air Liquide 12 kW plant was simulated with the improved models. 
The simulated data were in accordance with measured data in the range from 
100 3 to 65 3 of electrical consumption. 
The deviation was increasing for operating modes below 65 3 due to a 
larger decrease in efficiency than calculated by the model. Accurate test data 




Nye kalkulasjons rutiner er utviklet for sim.ulerings programmet Cryoplant her 
ved CERN. Disse rutinene gjf2Sr det mulig a sim.ulere l' Air Liquide anleggene ved 
redusert ytelse. Enny varmeveksler-modell beregner varmeovergangs-koeffi.sienten 
avhengig av volum strf2Smmen gjennom varmeveksleren. Turbinmodellen kalkul-
erer massestr(2Smmen og isentropisk virkningsgrad utfra arbeidstilstanden til tur-
binen. 
12 kW anlegget fra l' Air Liquide ble sim.ulert med de nye modellene. Resul-
tatene fra sim.uleringen var i overensstemmelse med ma.Ite data i omradet fra 
100 3 til 65 3 i elektrisk forbruk.For driftstilstander under 65 % var avvikene 
stf2SITe fordi virkningsgraden avtok mer enn hva modellen kalkulerte. N12Syaktige 
testdata fra liknende turbiner vil gi n(2Sdvendig informasjon for a bedre modellen. 
iv 
Nomenclature 
A Heat transfer area (m2 ) 
At Flow area (m2) 
c Absolute velocity (m/s) 
E Rate of energy (W) 
h Convection heat transfer coeffiicient (W /m2· K) 
j H Colburn j factor for heat transfer 
k Thermal conductivity (W /mK) 
L Characteristic length (m) 
m Mass :flow rate (kg/ s) 
n Number of passes 
np Number of segments 
Nu Nusselt number 
R Universal gas constant, Degree of reaction 
Pr Prandtl number 
q8 Heat loss for control volume (W) 
Q a Total heat loss for heat exchanger (W) 
Q Volume :flow 
Re Reynolds number 
St Stanton number 
T Temperature (K) 
u Blade velocity(m/s) 
U A Heat transfer coefficient (W / K) 
v Relative velocity (m/s)Specific volume (m3 /kg) 
V Fluid velocity (m/s) 
vi 
Greek letters 
a Thermal diffusivity (m2/s) 
/3j Flow direction in heat exchanger 
T/ Isentropic efficiency, Exergy efficiency 
"' Specific heat ratio 
µ Dynamic viscosity (kg/m · s) 
v Kinematic viscosity ( m 2 / s), Blade-Jet Speed Ratio 

















The European Laboratory for Particle Physics 
Upper Cold Box 
Lower Cold Box 
Large Electron Positron collider 
Large Hadron Collider 





The Large Electron Positron collider (LEP) is placed in an underground tunnel 
of 27 kilometers circumference. The beam energy is increased in the LEP2-
project, by installation of super-conducting cavities operated at 4.5 K. Four 
helium cryoplants are installed for cooling these cavities. The cryoplants are 
situated at four places out of eight sites along the circumference of the LEP-
tunnel. Figure 1.1 shows the general configuration of the plant at each point. 
The two l'Air Liquide plants are situated in point number 2 and 8. The Linde 
plants are installed in point 4 and 6. The Upper Cold Box (UCB) and the 
compressor station are at ground level. The Lower Cold Box (LCB) is in a 
service tunnel beside the main tunnel, delivering liquid helium to the super-
conducting cavities in the LEP-tunnel. 
Compressor-
station and 
Upper Cold Box Ground level 
Transfer line 
________ .,...._...., ... LowerCold ....,..__..,... ____ ..,..._...,.. ... 
Box 
Cavities Cavities 
Figure 1.1: An overview of the arrangement of the cryoplant 
2 Introduction 
According to the technical specification the cryoplants shall provide [1]: 
• Isothermal refrigeration of the super-conducting cavities by a liquid he-
lium bath at 4.5 K. 
• Non-isothermal refrigeration for screen cooling of transfer lines by helium 
gas between 50 and 75 K. 
• Non-isothermal cooling of cavity supports and cavity screens by helium 
gas between 4.5 and 300 K. 
Table 1.1 shows the performance the plants must provide for the LEP2-project. 
Envisaging the future LHC project, the plants were specified to fulfill the re-
Table 1.1: Performance of the cryoplant for the LEP2-project . 
Refrigeration capacity at 4.5 K 
Liquefaction mass fl.ow 
Screen cooling power load at ~ 50 K 





quirements listed in Table 1.2 without changes inside the Cold Box. This means 
for the upgrade only additional helium compressors and additional or changed 
turbines are foreseen. The heat exchangers, the piping and the valves are al-
ready designed for the capacity listed in Table 1.2. Figure 1.2 shows the simpli-
Table 1.2: Performance of the upgraded cryoplant for the LHC-project. 
Refrigeration capacity at 4.5 K 
Liquefaction mass fl.ow 
Screen cooling power l~ad at ~ 50 K 





fied flow sheet for the Linde plant. Heat exchanger block El and E2 are placed 
in the Upper Cold Box. E3 and E4 together with turbine t6, t7 and t8 are 
placed in the Lower Cold Box. Figure 1.3 is a simplified fl.ow sheet of the l' Air 
Liquide plants used today. Heat exchanger block A and B are in the Upper 
Cold Box. Block C together with turbine t6, t7 and t8 are placed in the Lower 
Cold Box. 
For the upgrade to LHC provisions were made for the installation of tur-
bine t3 and t8. Originally the l'Air liquide plants were designed with a _Joule-
Thomson valve instead of turbine t8. The performance given in Table 1.1 was 
not obtained with this plant. It was therefore decided to install turbine t8 in 
order to reach the foreseen performance. 
As the cryogenic capacity demands for the LHC-project will be different 
from those of LEP, CERN was interested in obtaining a calculation tool for 
3 
t1 t2 t3 t5 t6 t7 t8 
from screen to screen from cavities 
to cavities 
Figure 1.2: The Linde 12 kW Plant 
t1 t2 t4 t5 t6 t7 t8 
from screen to screen from cavities 
to cavities 
Figure 1.3: The l'Air Liquide 12 kW plant 
4 Introduction 
simulating existing cycles operating under conditions deviating from the design 
mode. 
Problems encountered with the lack of capacity for the I' Air Liquide instal-
lation formed an additional demand for such a calculation tool. This work is 
therefore focused on these plants. 
In order to examine this problem, improved models for the turbine and the 
heat exchanger were developed. These models were implemented in the already 
existing cryoplant simulation program developed by Dr.Eng. Geir Owren [2]. 
The new turbine model calculates the efficiency and the mass fl.ow according to 
the running conditions of the turbine. The new heat-exchanger model calculates 
the UA-value at off-design mode. The off-design mode is when the plant is 
running with reduced cooling power. 
The new models are developed for off-design conditions where the plant is 
running at a stable and reduced cooling power. Operation of the plant during 
cool-down and other transient conditions are not considered. 
The operating modes of interest are in the range down to the 50 %-mode. 
Where 50 %-mode means that the electrical consumption is 50 3 compared to 
full power. 
The modifications made to the program are presented in the first part of 
the report and the simulations of the plant are discussed in the last part. 
Chapter 2 
The simulation program 
Since Geir Owren finished his development of the simulation program here at 
CERN, two students have been working on the program and made a few changes 
to it [3, 4]. The further development of the program is based on the original 
work by Owren and the new improvements made by Gudrun H¢ye and Svend 
Thumm have been carefully implemented. Dr.Eng. Eirik Melaaen is currently 
responsible for the upgrading of the program. 
This chapter is intended to give a brief overview of the simulation program 
and give a description of the terms used in the subsequent chapters. Further 
information about the program is available in Gudrun H¢yes work [3]. Some 
minor changes made to the program are also presented in this chapter. 
2.1 Program structure 
The input file for the simulation program consists of two parts. The first part 
specifies the units in the plant. In the last part values are given for each 
mass fl.ow in the system . These entries are used as start values or boundary 
conditions for the simulation. The description of a unit has the following general 
structure in the original program. 
<unit-type> <name> 
feeds <str-type> <name1> <str-type> <name2> .. . 
prods <str-type> <name3> <str-type> <name4> .. . 
refs <str-type> <name5> <str-type> <name6> 
pspec <pspec-method> <pspec1> <pspec2> 
param <calc-method> <par1> <par2> ... 
end 
The two first parameters in the description of a unit are: 
<unit-type> - The unit type 
<name> - The name of the specified unit 
6 The simulation program 











The command lines feeds and prods specify the streams respectively entering 
and leaving the unit. The comm.and line refs is used for specifying reference 
streams in order to control certain values in the plant. Three different stream 




The pspec command line is used for specifying the pressure drop over the 
unit. The input <pspec-method> is an integer describing the method used for 
specifying the pressure drop and it can have two values: 
1 - The pressure drop over the unit is given 
2 - The absolute outlet pressure is given 
The pressure specifications are given by the values <pspecl>, <pspec2>, ... etc. 
The pressure specification <pspec1> is given for the fust stream in the prods 
command line, and <pspec2> is given for the second one, ... etc. 
The param command line is used for spe-cifying the calculation option for 
the unit by the entry <calc-method>. <parl>, <par2>, ... etc. are the specific 
parameters for a certain unit. 
2.2 Modifications 
Some minor modifications were made in the program. In the last part of the 
input file and in the output file are pressures given with the unit [bar] and the 
mass :flows are given with the unit [g/s]. The pressure specification in the pspec 
command line had the unit [Pa], in the original program. This is changed to 
[bar] in the new model. 
The :flash and the splitter unit have two calculation options. <calc-method> 
in the param command line can have the following values: 
1 - The split factor is given 
2 - The draw-off rate is given 
2.2 Modifications 
Originally, the draw-off rate was given as [kg/s], this is changed to [g/s] in the 
new model. These changes were made in order to be coherent with the units 
used in the last part of the input file and in the output file. An example of the 
input for a flash unit is given. 
flash fl 
feeds mass 19 heat f 1q 
prods mass 82 mass 20 
pspec 2 1.297 1.497 
param 2 13.0 
end 
In this example the outlet pressure for stream 82 is specified to 1.297 bar and 
the outlet pressure for stream 20 is 1.497 bar. The draw-off rate is 13.0 g/s for 
stream 20. 
A routine in the program calculates the UA-values for the heat exchangers 
and the efficiencies for the turbines based on the data given in the Ts-diagram. 
This calculation is normally done once for a specific plant. 
A problem was encountered in the subroutine rhx...kasol ve. This routine 
calculates the UA-values for each pass in the heat exchanger. The inlet tem-
perature is fixed and the sub-routine changes the UA-value until convergence is 
reached. Convergence is reached when the residual of the calculation is less than 
a certain value. This means that the outlet temperature from the calculation 
matches the outlet temperature given in the Ts-diagram. The temperatures do 
not match perfectly and this imposes some deviations in the low-temperature 
range. 
Mter calculating the UA-values the next step is to calculate the turbine 
efficiencies. The calculation of the isentropic efficiency for the turbines is sen-
sitive at low temperatures. Since the temperatures updated by the sub-routine 
rhx..kasol ve deviated from the temperatures in the Ts-diagram, erratic effi-
ciencies were calculated. The correct efficiencies were calculated by using the 
thermo-physical properties program HEPAK [6] and the data given in the Ts-
diagram. Table 2.1 shows the erratic and correct efficiencies for the l' Air Liquide 
12 kW plant. 
Table 2.1: Efficiencies for the turbines based on the Ts-diagram 
Turbine erratic correct 
efficiency efficiency 
t1 0.782 0.782 
t2 0.775 0.771 
t4 0.764 0.764 
t5 0.809 0.809 
t6 0.883 0.828 
t7 0.738 0.822 
7 
Chapter 3 
The heat-exchanger model 
There are two heat-exchanger models available in the simulation program. One 
of them is the HX-model which are based on the these restrictions. 
1. Only one cold flow passing through the exchanger. 
2. There can be several hot flows, but each hot flow exchanges heat only 
with the cold flow. 
The second model is the Rigorous Heat Exchanger(RHX)-model developed by 
Geir Owren. Section 3.1 will give a description of this model and the equations 
used in the simulation program. This model was improved to calculate the 
UA-value dependent on the change in volume flow for each stream. 
3.1 The original RHX-model 
Figure 3.1 shows a heat exchanger which is divided into np segments, with n 




i= 1 1 1=np 
Figure 3.1: The heat exchanger is divided into np segments, with n passes 
3.1 The original RHX-model 
The following assumptions are made for the heat exchanger [3]. 
1. The temperature in a control volume is equal to the middle temperature 
of the fl.ow 
2. Constant pressure gradient in the heat exchanger 
3. The UA-value for a flow is equally divided to each segment 
4. Heat exchange only between mass flows inside the same segment 
5. Common wall temperature assumption 
6. No heat loss from the surroundings 
The first assumption gives the temperature T ji in control volume j i. 
T .. _ Ti(i-1) + Tji 
3i - 2 (3.1) 
The pressure gradient is assumed to be constant which yields this equation for 
the pressure Pji· 
i 
Pji = Pjo + -(Pj(np) - Pjo) 
np 
(3.2) 
The third assumption gives the heat transfer coefficient between the wall and 
the fl.ow in control volume j i. 
UA .. _ UAj 3i -
np 
(3.3) 
The model is based on the common wall temperature assumption. Where the 
wall in segment i has a common temperature Twi· The heat transfer from the 
wall to fl.ow j is given by. 
(3.4) 
The total heat transfer qi from the wall to the flows must be zero, since there 
is no heat loss. 
n-1 n-1 
qi= L qji =LU Aji · (Twi -Tji) (3.5) 
j=O j=O 
Solving Equation 3.5 for the common wall temperature in segment i gives. 
L:j,:J U AjiT ii 
Twi = 1 L:j,:-0 UAji (3.6) 
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10 The heat-exchanger model 
Figure 3.2 shows the control volume ji. The energy difference t::..Eji for fl.ow 
j through the control volume, is given by Equation 3. 7. The parameter /3j is a 
constant for giving the direction of the flow. 
. . . 
t::..Eii = /3i · (Eii - Ei(i-1)) (3.7) 
f3. _ {1 for flow in forward direction 
J - -1 for flow in backward direction (3.8) 
An energy balance yields that t::..Eji = qji· The heat transfer from the wall 
to fluid j is given by Equation 3.4. Combining this with Equation 3. 7 gives 
Equation 3.9 for the RHX-model. 
(3.9) 
where i = 1, 2, ... np and j = O, 1, ... (n-1). 
E j (i-1) £ .. J 1 
Figure 3.2: Energy balance for control volume ji. 
- -
3.2 Development of the new model 
The new model calculates the UA-value as a function of the Reynolds number. 
Figure 3.3 is a plot of the Colburn factor iH as a function of the Reynolds 
number ReL, for a certain fin type used in the Linde plant. The data are 
plotted in a log-log diagram and a line fitted to these measured points will have 
this equation. 
(3.10) 
Where C1 and a are constants. Rearranging this equation yields. 
(3.11) 
3.2 Development of the new model 
The Reynolds number is a function of the characteristic length L, the fluid 





The Colburn factor is a function of the Stanton number St and the Prandtl 
0.1 .-~-.-~.--....... -r-i ......... ...-~-.-~...-....-~ ................. ~---.~....-....-.................. -T-0 
lf 62 <> 
0.01 
0.001 '--~-'----'---''--'--'-''-'-"...._~_._~..__ ................................ ...._~__..~....._....._ .......................... 
100 1000 10000 . 100000 
Reynolds number 
Figure 3.3: The Colburn factor as a function of the Reynolds number. 
number Pr as shown in Equation 3.13 [5]. 
iH = St · Pr2l3 (3.13) 
The Stanton number is a function of the Nusselt number, the Reynolds number 




Combining Equation 3.13 and 3.14 gives this relation for the Colburn factor. 
. NuL 
JH= ReL · Pr113 
(3.15) 
Combining Equation 3.15 with Equation 3.11 and inserting n = a+ 1 it follows 
that the Nusselt number can be expressed as. 
(3.16) 
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12 The heat-exchanger model 
The Nusselt number is a function of the convection heat transfer coefficient h, 




Inserting Equation 3.17 and 3.12 into Equation 3.15 yields this equation. 
hL = C1 . ( V · L t . Pr1/3 k v (3.18) 
The volume flow Q is used instead of the fluid velocity because the flow area 
At is unknown. The volume flow is given by Q = V ·At· Which gives this 
equation for the heat-transfer coefficient. 
k L n (Q )n 1/3 h = C1 • - · -- · - ·Pr L An v f 
(3.19) 
The UA-value is for the heat transfer from the wall to the flow. The equation 
for the UA-value is therefore U A = hA. The heat transfer area A, the flow 
area and the characteristic length L is constant for one specific heat exchanger 
which gives this relation for the UA-value. 
U A = C2 • k · (Qt · Pr113 
v 
(3.20) 
Where the constant C2 is given by C2 = C1 · (Ln-l f At n). It is presumed that 
the thermal conductivity and the Prandtl number can be regarded as constant. 
This assumption will be discussed in section 3.4. The assumption yields this 
simplified equation for the U A-value. 
(3.21) 
Where the constant C3 is given by C3 = k · Pr113 • C2. The following equation 
is used in the simulation program. 
UA= (UA)d-(Rr.(dr Qd v (3.22) 
Where the values with the subscript dare the design values for the heat ex-
changer. The volume flow and the kinematic viscosity in Equation 3.22 are 
calculated from the inlet conditions for the stream. In order to calculate Q d 
one has to specify the mass flow, temperature and pressure for the stream, 
which correspond to the design value of the UA-value. The stream data are 
found in the Ts-diagram for the plant. 
Table 3.1 shows the different main fin types used in the Linde plant. The 
complete set of data for these fins are given in Appendix A. Examination of 
the stacking diagrams for the heat exchangers shows that If 62 and If 64 are 
used for the high-pressure passages. The two other fin types If 52 and lf 54 
3.2 Development of the new model 
Table 3.1: Fin types in the heat-exchanger blocks of the Linde 12 kW plant 
Unit 
Fin types El E2 E3 E4 
lf 52 x x 
lf 54 x x 
lf 62 x x 
lf 64 x x 
Table 3.2: Calculated values of n for the different fin types 
Fin types n average 
lf 52 0.582 0.587 lf 54 0.591 
lf 62 0.693 0.703 lf 64 0.712 
are used for the low pressure passages. Table 3.2 shows the results by curve 
fitting the available data and calculating the constant n in Equation 3.22 for 
each fin type. The average value n = 0.59 is used for the low-pressure streams 
and n = O. 70 for the high-pressure streams. Colburn-factor diagrams are not 
available for the l'Air Liquide plant, so the same figures will be used for this 
plant as well. · 
The improved RHX-model also offers the possibility to give the heat loss 
for the heat exchanger. The total heat loss Q 8 is divided equally to the np 
segments and n flows. The control volume ji is shown in Figure 3.4 and the 




An energy balance for control volume ji gives the following equation. for the 
RlIX-model. 
. . Q 




14 The heat-exchanger model 
. 
E j Ci-1) 
Figure 3.4: Energy balance for control volume ji with heat loss q3 
3.3 Input for simulation 
The usage of the improved heat-exchanger model and the available options will 
be discussed in this section. The following example shows how the input for a 
heat exchanger unit is organized. 
rhx e01 
feeds mass 01 mass 47 mass 61 heat e01-h 
prods mass 02 mass 48 mass 62 
pspec 1 0 0 0 0.012 
param 1 10 1 -1 -1 75 
design 0 358820.982444 310.000 17.750 923.794 
design 1 144172.292909 193.859 4.280 365.557 
design 2 214648.689535 193.859 1.062 543.737 
end 
Compared to the original model the format for the param command line has 
been changed and a new command line design has been added. The param 
command line has the following format in the new model. 
param <method> <segments> <dir> <dir> .... <heat-loss> 
Where the parameters are: 
<method> - Calculation method for the heat exchanger. 
<segments> - Number of segments the heat exchanger is divided into. 
<dir> - Direction of the stream. 
<heat-loss> - Total heat loss to the unit (W). 
There are two calculation methods available and the parameter <method> can 
have one of these values. 
1 - Calculation with the given data for the DA-values. 
2 - Calculation where the DA-values are computed based on the design 
values for the unit (Equation 3.22). 
3.4 Implementation and discussion 
The three last parameters of the command line design contains the necessary 
data for calculations at off-design conditions. The format of this command line 
is shown here. 
design <pass> <UA> <temp> <press> <flow> 
The parameters are: 
<pass> - Pass number for which stream the design data are given for. Pass 
number 0 corresponds to the first stream in the feeds command line. 
<UA> - Design value for UA (W /K). 
<temp> - Design value for the feed-stream temperature (K). 
<press> - Design value for the feed-stream pressure (bar). 
<flov> - Design value for the feed-stream mass fl.ow (g/ s ). 
The first two parameters must always be given. The three last entries are 
optional and only used if the calculation option is 2. It is therefore not necessary 
to remove them if calculation method 1 is given. 
In order to calculate the heat exchanger with a given heat loss, a feed stream 
of stream type heat must be added to the end of the feeds command line. The 
total heat loss to the heat exchanger must be added at the end of the param 
command-line. This is shown in the example at the beginning of this section. 
This option can be used independent of the given calculation method. 
3.4 Implementation and discussion 
The fl.ow sheet shown in Figure 3.5 explains the solving procedure for the heat-
e:x:changer model. As a simplification the streams with fl.ow direction 1 are 
counted as high-pressure streams. Accord.4igly t4e streams with fl.ow direction 
-1 are counted as low-pressure streams. The value for the parameter n in 
Equation 3.22 is chosen, depending on the direction of the stream. 
The rest of this section will give a validation of the model and a discussion 
of the applicability. The constraints for the model will be given according to 
the approximations which have been done. 
Equation 3.20 was deduced in Section 3.2 for the U A-value. The thermal 
conductivity and the Prandtl number were regarded as constants. For numer-
ical calculations is it desirable to have a model with few parameters. Many 
parameters can introduce instability problems during the iteration and prevent 
the program from converging. Parameters should of course not be neglected if 
they have a large influence on the calculated value. 
The thermo-physical properties program HEP AK [ 6) was used for making 
the figures shown in this section. Figure 3.6 shows the Prandtl number and 
the thermal conductivity as a function of temperature for a pressure of 1 7 bar. 
The figure shows that the assumption made for the Prandtl number is valid 
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Figure 3.5: The fl.ow sheet for solving the heat exchanger 
3.4 Implementation and discussion 
temperatures, but the effect is neglected since the increase is small even for the 
large temperature range used in the figure. The same behavior as in Figure 3.6 
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Figure 3.6: Thermal conductivity and Prandtl number as a function of temper-
ature for a pressure of 17 bar. 
Figure 3. 7 is a plot of the Prandtl number and the thermal conductivity for 
the low-temperature range. The same behavior of the Prandtl number and the 
thermal conductivity was also seen for higher pressures. When the tempera-
ture is about to reach the value for the tw_o-phas_e region, the Prandtl number 
increases. An abrupt change occurs when the two-phase region is entered. The 
simulations of off-design mode in Chapter 5 show that the temperatures in the 
Lower Cold Box do not vary much compared to the 100 3 mode. The change of 
the Prandtl number will therefore not be as high as Figure 3. 7 might indicate. 
The significance will be further reduced since the Prandtl number is raised to 
the power of 1/3 in Equation 3.20. 
Another factor is the convergence problem one might encounter in this re-
gion. If the two-phase region is entered during the iteration instability can 
occur, since the change of Prandtl number is considerable in this region. It 
is therefore convenient and applicable to neglect the inftuence of the Prandtl 
number. 
The kinematic viscosity is not neglected in the Equation 3.22 because of the 
temperature dependency shown in Figure 3.8. 
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Figure 3. 7: Thermal conductivity and Prandtl number as a function of temper-
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Figure 3.8: Kinematic viscosity as a function of the temperature for a pressure 
of 17 bar. 
Chapter 4 
The turbine model 
Figure 4.1 shows a section through a typical radial-inflow turbine. The flow 
is accelerated in the stator from point 0 to point 1. The kinetic energy and 
potential energy of the flow are converted into mechanical energy in the rotor. 
The flow leaves the rotor axially at point 2, and the velocity is reduced to 
normal pipeline velocity in the d.iffusor. 
Stator 
Diffusor 
Figure 4.1: Schematic cross-section of radial-inflow turbine 
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Figure 4.2 shows the cross-section of a cryogenic turbine. The brake wheel 
is mounted on the same shaft as the turbine wheel. The shaft is suspended 
by gas bearings. There is a pressure difference 6.P1ab over the labyrinth seal 
which results in a small mass fl.ow from the cold side to the gas bearings. The 
brake gas which is helium gas at temperature Ts and pressure Ps is compressed 
through the brake wheel. The gas enters the water-cooled heat exchanger and 
is throttled down to the pressure PB. Figure 4.3 shows a velocity diagram 
Pe 
Brake Blower Te 
Figure 4.2: Cross section of the turbine wheel and the brake wheel. 
for a radial-inflow turbine at optimum conditions where the rotor blades are 
radial at point 1 (/31 = 90°). This is favourable for high speed turbines where 
the centrifugal forces are considerable [7]. The fl.ow leaves the rotor axially 
(0:2 = 90°). Figure 4.4 shows hs-diagramfor the expansion process in a turbine 
stage. 
VJ 
Figure 4.3: Velocity diagram for a radial-in.fl.ow turbine at optimum conditions 
The following symbols are used in Figure 4.3. 
u - Blade velocity 
v - Relative velocity 
c - Absolute velocity 
a - Absolute angle of flow 
f3 - Relative angle of flow 
The relative velocity is the velocity of the fluid in the rotor blade passage. The 
degree of reaction R is a ratio for classifying turbines [7]. It is defined as the 
ratio of the enthalpy change over the rotor and the total enthalpy change over 
the turbine stage. The ratio is given by EquatioI). 4.1. 
R = h1 - h2 
ho - h2 
(4.1) 
If R = 0 for a turbine, there is no change in enthalpy over the rotor. This 
turbine is called an impulse turbine. The total enthalpy difference is used for 
accelerating the flow through the stator blades. The high velocity jet then 
strikes the rotor blades as they pass by. The fluid flow past the rotor blades is 
at constant pressure. 
A reaction turbine is a machine with enthalpy change over the rotor also. 
The turbines used in the Linde and the 1' Air Liquide plants have a degree of 
reaction of approximately 0.5 at optimum conditions [17]. 
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Figure 4.4: Expansion in a turbine stage. 
4.1 Development of the new model 
This section gives a description of the new model developed for simulating the 
turbines at off-design conditions. 
In the original expander model, two values must be specified in order to 
calculate the turbine. The isentropic efficiency and the outlet pressure. This 
pressure can be specified in two ways. Either by giving the pressure directly 
or indirectly by entering the pressure drop over the turbine. The isentropic 
efficiency for a turbine is given by Equation 4.2. 
- -
ho - h2 
TJ=---
ho - h26 
( 4.2) 
Where h26 is the outlet enthalpy for an isentropic expansion. With known inlet 
conditions and the outlet pressure for the unit, the outlet condition can be 
calculated. 
Dimensionless parameters serve to classify velocity diagrams, turbine geom-
etry and correlate turbine performance. The basis for the use of dimensionless 
parameters is the dimensional analysis which is a procedure for grouping the 
variables into a smaller number of dimensionless groups. This kind of analy-
sis is based on the 'Jr-theorem [7]. A dimensionless parameter often used for 





where c3 is the jet velocity given by Equation 4.4. The jet velocity is defined 
4.1 Development of the new model 
as the velocity corresponding to the ideal expansion through the turbine. 
(4.4) 
The blade velocity is given by u1 = 7r • D · n, where D is the rotor blade diameter 
and n is the shaft speed. 
The variation of the efficiency for a turbine can be approximated by a 
parabolic curve [12]. Tests performed for turbines with a wheel diameter of 
150 mm show that this approach for calculating the efficiency are in accordance 
with accurate measured data [8]. 
The ratios 1'//T/opt and 11/llopt are used as parameters for the parabola shown 
in Figure 4.5. Where 1'/opt is the optimum.efficiency and llopt is the corresponding 
optimum blade-jet speed ratio. 
A parabolic curve through the points (0,0) and (1,1) with the top point in 
(1,1), is given by y = 2z - z 2 • It is assumed that the turbines are designed to 
run at the optimum point. Which means that 'f/d = T/opt and lid= llopt· Where 
the subscript d denotes the values used as design values. The equation used in 

















2*x - x*x -
1.5 2 
( 4.5) 
Figure 4.5: The parabolic shape of the ratio TJ / T/opt as a function of 11 / v opt. 
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There are different ways of calculating the mass flow through a turbine. One 
approach is to regard the gas as ideal and assume that the mass flow m depends 
on the following parameters: 
Po - Inlet pressure 
P2 - Outlet pressure 
Po - Inlet density 
D - Wheel diameter 
n - Shaft speed 
The 1r -theorem was used together with the ideal gas law, which gave this 
function for the pressure ratio P2/Po [7]. 
P2 = f( m ~ , n · D ) 
Po D . Po ,.,/RT;, (4.6) 
Each one of the groups is dimensionless. Since the machine is working with a 
given gas, it is convenient to leave R and wheel diameter out of the calculation. 
The pressure ratio will therefore be a function of the two dimensionless groups 
shown here. 
P2 = f( m y'T;,' _!!_ ) 
Po Po y'T;, 
(4.7) 
A typical turbine characteristic based on Equation 4. 7 is shown in Figure 4.6 [7]. 
The inverse pressure ratio is plotted as a function of m../T:,/p0 with n/.../T:, as 
a parameter. The diagram shows that the curves merge together for a certain 
value of m../T:,/p0 and the curve is vertical for higher pressure ratios. This ratio 
is the critical pressure ratio where choking occurs. When the pressure ratio is 
above the critical value, the parameter _m..JT:,./p0 is constant which yields this 
equation for the mass flow. 




The subscript d denotes the design values for the turbine. Rearranging the 
equation gives this relation for the mass flow in off-design mode. 
· · {iod Po mch=md· -' ·-
To Po,d 
(4.9) 
The subscript ch denotes choked :flow. The question is whether this equation 
can be used for pressure ratios below the critical value. It all depends on 
the inclination of the curves below the critical point. This will be checked in 
Section 4.2. 
Another approach for calculating the mass flow through the turbine is to 
regard the stator blade section as an orifice. Figure 4. 7 shows the isentropic and 






Figure 4.6: Turbine characteristic 
in-{T: 
Po 
the actual expansion process in an orifice. The gas is assumed to be ideal and 
the fl.ow through the stator is regarded as isentropic which yields that hi = his· 
The first law of thermodynamics is used for a stream line through the nozzle [7]. 
c 2 c 2 
h0 + 1- =hi+-} (4.10) 
The inlet velocity c0 to the turbine is neglected which yields Equation 4.10 for 
the outlet velocity of the stator blade. 
(4.11) 
The mass fl.ow through the nozzle is given by the continuity equation. 
( 4.12) 
Where A1 is the fl.ow area of the stator outlet. The density p1 is unknown but 
it can be found from the thermodynamic relation Pvit=constant, for a perfect 
gas [10]. 
P1 1 Pt= Po·(-)-;< 
Po 
( 4.13) 
Combining Equation 4.11, 4.12 and 4.13 gives this equation for the mass flow. 
(4.14) 
Where the subscript ori denotes fl.ow through an orifice. 
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Figure 4. 7: Expansion in an orifice. 
By this approach the mass flow through the turbine is dependent on: 
Ai - Outlet area of the stator 
Po - Inlet pressure 
T0 - Inlet temperature 
"' - Specific heat ratio 
2.2 - Pressure ratio. over the nozzle 
Pl 
Choked :flow occurs when the absolute velocity reaches the sound velocity a. 
Choking can also happen if the relative velocity in the rotor blade reaches the 
sound velocity [7]. This will depend on the degree of reaction. A small degree 
of reaction means that the highest velocity is at the outlet of the stator. 
It is here assumed that choking will happen at the outlet of the stator. 
There is choking when the pressure ratio p0 /p1 is above the critical pressure 
ratio. It is not possible to further increase the mass flow above this pressure 
ratio [13]. This is shown in Figure 4.8. The parameters with subscript er are 
the critical values where the Mach-number is 1 and choked flow occurs. It must 
therefore be determined whether the flow is choked at the outlet of the stator. 
Equation 4.15 is deduced by combining Equation 4.10 and the relation h = CpT 
for a perfect gas. 
(4.15) 
4.1 Development of the new model 
Figure 4.8: Mass flow in an orifice dependent on the pressure ratio. 
Using the approximation that the inlet velocity c0 is zero and dividing the 
expression by CpT1 gives this equation. 
T0 c12 
T1 = l + 2 · CpT1 
The sound velocity is given by Equation 4.17 [13]. 
a1 = .,/K.RT1 
. (4.16) 
( 4.17) 
The Mach-number is Ma1 = cif a1 [13]. From the ideal gas law it follows that. 
- -
CpT1 = ("'. R) · T = _!!:.{_ (4.18) K.-1 K.-1 
A combination of Equation 4.16 and 4.18 gives. 
To = l + c12 • ( K. - 1) 
T1 2 ·al ( 4.19) 
Introducing the Mach-number gives this equation for the temperature ratio. 




Equation 4.17 shows that a <X T 112, the ratio ( a0 / a) can therefore be written 
as the square root of Equation 4.20. 
ao = (T: = . / 1 + "' - 1 M a2 
a1 V Ti Y 2 ( 4.21) 
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This yields the following equation for the pressure ratio. 
P0 (To)-" [ K-1 M2]~ 
- = - K-1 = 1 + - • a l<-1 
P1 T1 2 
(4.22) 
The critical pressure ratio P0 / Per can be deducted from Equation 4.22 with 
Ma= 1. 
P0 = (K + 1),..'.'.\ 
Per 2 (4.23) 
The maximum mass flow through the stator blades is given by Equation 4.24 
( 4.24) 
where the critical outlet speed Ccr is equal to the sound velocity. 
Ccr = VK · R · Tcr ( 4.25) 




The next step is to find the critical density. Using Equation 4.12 and inserting 
the critical pressure ratio given in Equation 4.23 yields. 
2 1 
Per = Po · ( K + l ) «-l (4.27) 
Combining Equation 4.24, 4.25 and 4.26 gives this equation for the critical mass 
flow. 
(4.28) 
The orifice area is constant and "' can be regarded as constant. This gives 
the following equation for the critical mass flow. 
. /f;o mer =po·C1 · -
Po 
( 4.29) 
Where C1 is a constant. Inserting the perfect gas law yields Equation 4.30 for 
the critical mass flow. 
( 4.30) 
Regarding R as a constant will yield an equation which is the same as Equa-
tion 4.9 which was found from an analysis of dimensionless groups. 
4.2 Testing of the models 
4.2 Testing of the models 
The models described in Section 4.1 were implemented in the simulation pro-
gram. The implementation is described in Section 4.5. The testing of the models 
was done by a sub-routine in the program. This routine uses the implemented 
models and writes the data to an output file. 
The design data for the turbines in the l'Air Liquide 12 kW plant is shown 
in Table 4.1 [14]. The testing of the model was performed on the four upper 
Table 4.1: Design data for the l'Air Liquide turbines. 
Turbine tl t2 t4 t5 t6 t7 
Inlet press. {hara) 17.75 11.9 17.75 17.75 18.4 6.9 
Pressure ratio (-) 1.49 2.78 4.15 4.15 2.66 2.66 
Inlet temp. {K) 198 100 67.1 29.7 10 6.14 
Isentropic eff. (-) 0.782 0.770 0.762 0.805 0.812 0.791 
Mass :fl.ow (g/s) 104 104 115 148 557 557 
Speed (rps) 1590 1474 1517 1518 522 426 
Max. speed (rps) 1833 1666 1666 1666 700 700 
Wheel diam. (mm) 61 67 61 50 52.5 52.5 
turbines, since the accuracy of the measured stream data in the low temperature 
range is insufficient for test purposes. 
The components of the turbines have small dimensions, where the turbine 
wheel diameter is less than 70 mm for all of the turbines, as shown in Table 4.1. 
This means that small deviations during manufacturing can have some effect 
on the performance of the turbine. 
It was therefore decided to use measured data from one of the plants running 
at the 100 %-mode as input for the calculations. It was assumed that the 
turbines were running at the optimum p<_?int ~d the data were regarded as 
design data for the turbines. 
Measured data were available from a test performed in October 1994 with 
two off-design modes at approximately 75 3 and 50 3 electrical consumption. 
Table 4.2 shows the date and time when the data were printed. The data for 
the 50 %-mode are shown in Appendix C. Table 4.3 shows the measured data 
Table 4.2: Date and time for the test performed in point 2. 
Mode 100 % 75 3 
Date 1994-10-18 1994-10-28 




from the l'Air Liquide 12 kW plant in point 2, while the plant was running 
at full power. The measured speed of turbine t4 is higher than the maximum 
speed specified in Table 4.1. During the commissioning of the plant it was 
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discovered that the inlet valve was not fully open for this turbine. L'Air Liquide 
decided to allow a higher speed on the turbine in order to run with a fully 
open inlet valve (11]. The values shown in Table 4.4 was calculated from the 
Table 4.3: Measured data for the turbines, 100 %-mode. 
Turbine t1 t2 t4 t5 
Inlet press. (hara) 18.03 12.33 17.48 17.69 
Inlet temp. (K) 207.3 112.5 77.6 29.7 
Outlet press. (hara) 12.46 4.18 4.16 4.15 
Outlet temp. (K) 183.8 84.9 50.1 20.0 
Mass flow (g/s) 107.0 107.0 105.0 148.0 
Speed (rps) 1447 1373 1780 1345 
measured data. Ratio vis the blade-jet speed ratio. Table 4.5 and 4.6 shows 
Table 4.4: Calculated values for the turbines, 100 %-mode. 
Turbine t1 t2 t4 t5 
Isentropic eff. (-) 0.828 0.704 0.815 0.729 
Jet speed c; (m/s) 547.0 644.6 599.7 371.0 
Tip speed u1 (m/s) 277.3 289.0 341.1 211.3 
Ratio v (-) 0.507 0.448 0.569 0.569 
the measured and calculated values for the two reduced modes. The tables are 
divided into two parts. The first part is the measured values and the last part 
is the calculated values for the turbines. 
The isentropic efficiency T/calc was calculated from Equation 4.5. The isen-
tropic efficiency T/me• was calculated directly from the measured data. 
The critical pressure ratio P0 / P Cf' was calculated from Equation 4.23. The 
pressure ratio P0 / P1 was measured in the plant. The mass flow mch was calcu-
lated from Equation 4.9. The mass flow m°"i was calculated from Equation 4.14 
or from Equation 4.9 if the flow was choked. The efficiency for turbine t1 does 
not vary much as shown in Table 4.5 and 4.6, but the calculated and measured 
isentropic efficiencies for turbine t2, t4 and t5 are compared in Figure 4.9, 4.10 
and 4.11. The curves represent the calculated efficiency and the measured data 
are plotted as points. The two methods for calculating the mass flow are com-
pared with the measured values in Figure 4.12, 4.13, 4.14 and 4.15. The hatched 
bars are the measured values mme •. 
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Table 4.5: Measured and calculated values for the turbines, 75 %-mode. 
Turbine tl t2 t4 t5 
Inlet press. (bara) 15.20 10.65 14.71 14.87 
Inlet temp. (K) 213.2 117.4 82.4 31.5 
Outlet press. (bara) 10.78 3.57 3.54 3.54 
Outlet temp. (K) 190.7 88.8 55.5 21.8 
Po/P1 (-) 1.318 1.880 2.901 2.323 
1'nmea (g/s) 88.0 88.0 85.0 120.0 
Speed (rps) 1410 1310 1686 1268 
Calculated 
Po/Per (-) 2.053 2.053 2.053 2.092 
Ratio v (-) 0.504 0.417 0.525 0.523 
T/mea (-) 0.824 0.691 0.756 0.695 
T/calc (-) 0.828 0.701 0.810 0.724 
mch (g/s) 88.95 90.26 85.75 120.80 
mori (g/s) 89.06 90.41 85.75 120.80 
Table 4.6: Measured and calculated values for the turbines, 50 %-mode. 
Turbine t1 t2 t4 t5 
Inlet press. (hara) 12.27 8.80 11.88 12.02 
Inlet temp. (K) 226.8- 136 .. 8 104.5 46.7 
Outlet press. (hara) 8.93 3.16 3.14 3.14 
Outlet temp. (K) 204.8 107.0 76.1 32.1 
Po/P1 (-) 1.239 2.095 3.126 2.557 
17lmea (g/s) 68.0 67.75 61.0 80.0 
Speed (rps) 1362 1210 1555 1167 
Calculated 
Po/Per (-) 2.053 2.053 2.053 2.062 
Ratio v (-) 0.490 0.368 0.441 0.404 
T/mea (-) 0.816 0.649 0.663 0.754 
T/calc (-) 0.827 0.682 0.774 0.668 
mch (g/s) 69.50 69.09 61.44 80.06 
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Figure 4.10: Comparison of efficiencies for turbine 4. 
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Figure 4.11: Comparison of efficiencies for turbine 5. 
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Figure 4.13: Measured and calculated mass flow for turbine t2 
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Figure 4.14: Measured and calculated mass flow for turbine t4 
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Figure 4.15: Measured and calculated mass :flow for turbine t5 
An additional test was done for turbine t4. The test was equal to the first 
test except that the efficiency given in Table 4.1 was used as the optimum 
efficiency. The results are compared with the measured data in Figure 4.16. 
An example of the influence of wrong temperature measurements is given in 
Table 4. 7 where the measured data for t4 in Table 4.3 is compared with a 
similar data set except that the inlet temperature is 1 Kelvin lower and the 
outlet temperature is 1 Kelvin higher. The isentropic efficiency calculated was 
in accordance with the design value given from l':Air Liquide in Table 4.1. 
Table 4.7: The measured data for turbine t4 compared with a data set with 1 
Kelvin deviation for the inlet and outlet temperature. 
measured modified design 
Inlet press. (hara) 17.48 17.48 17.75 
Inlet temp. (K) 77.6 76.6 67.1 
Outlet press. (hara) 4.16 4.16 4.28 
Outlet temp. (K) 50.1 51.1 -
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Figure 4.16: Comparison of efficiencies for turbine 4 with optimum efficiency 
as in Table 4.1 
4.3 Discussion 
For turbine t2 the calculated efficiencies were above the measured efficiencies. 
But the values were still within the accuracy expected for this type of test. 
There was a large difference between the calculated and measured efficiency for 
turbine t4 as shown in Figure 4.10. There are a few possible explanations to 
this. 
There are ten days between the measurments for the 100 3 data and the two 
reduced modes. Important adjustments could have been done during this period 
of time. The data on which these calculations are based are values measured 
instantly in the plant, there could have been :fluctuations in the measured values 
during the printout of the data. 
Another aspect is the orientation of the measurement sensors. The pressure 
transmitters for the turbine inlet are placed in front of the inlet filter according 
to the process diagram. This orientation could have been changed during the 
assembly of the plant. If the process diagram shows the correct orientation of 
the pressure transmitter, there might be wrong pressure values if the filter is 
partly clogged. 
A more precise test could have been performed by studying the correct 
drawings of the plant and to determine where the transmitters are placed. The 
next step would be to perform tests at the 100 3 power and at off-design 
modes, plot trend curves for each transmitter and use the average values. This 
4.4 Input for simulation 
comprehensive data logging would take away some of the error sources, but the 
measurements are still not very accurate since the resolution of the transmitters 
is not very high. The calibration can also be inaccurate. 
For turbine t5 in Figure 4.11 is the calculated efficiency for the 75 % -mode 
close to the measured. The measured value for the 50 % -mode illustrates the 
measurement problems since the efficiency for this reduced mode is even higher 
than the efficiency at the 100 3 -mode. The two methods for calculating the 
mass fl.ow are compared with the measured values in Figure 4.12, 4.13, 4.14 
and 4.15. 
The calculated values are in accordance with the measured values for both 
of the calculation methods. Table 4.5 shows that the flow was choked through 
turbine t4 and t5 since the pressure ratios were higher than the critical ratio. 
Table 4.6 shows that there was choking in turbine t2, t4 and t5. The calculated 
value mch for turbine tl is also in accordance with the measured value, for 
pressure ratios under the critical point. This means that the curves below the 
critical point in Figure 4.8 is close to vertical for these operation modes. 
In order to calculate mori the pressure ratio over the stator must be given. 
This pressure ratio is not used as an input for mch· Equation 4.9 for calculating 
mch will be used in the simulation program since this method is valid for flow 
below the critical point. It is also easier to use this equation, since the pressure 
ratio over the stator is not used. This pressure ratio can be difficult to predict 
for off-design calculations. 
4.4 Input for simulation 
The input format used for the new expander model is explained in this section 
and available options are presented. The following example shows the input for 
an expander unit. 
expander t1 
feeds mass 21 
prods mass 22-0 work t1w 
pspec 1 5.873 
param 1 0.78169 
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The format of the param command line is not changed compared to the 
original input, but two extra calculation options are added. The format of the 
param command line is. 
param <method> <eff> 
Where the parameters are: 
<method> - Calculation method for the expander unit. 
<eff> - Design value for the isentropic efficiency. 
There are three calculation options available and the parameter <method> can 
have one of the following values. 
1 - Calculation with constant efficiency and mass flow. 
2 - Calculation with constant efficiency and varying mass flow. 
3 - Both efficiency and mass flow are varying. 
The first option is the option used in the original version of the program. An 
extra command line design is added in order to give the necessary data for 
a off-design calculation. The command line has the following format. 
design <temp> <press> <flow> <p-ratio> <speed> <dia> 
Where the parameters are: 
<temp> - Design value for the feed stream temperature (K). 
<press> - Design value for the feed stream pressure (bar). 
<flow> - Design value for the feed stream mass fl.ow (g/ s ). 
<p-ratio> - Design value for the pressure ratio over the expander. 
<speed> - Design value for the shaft speed (rps). 
<dia> - The diameter of the turbine wheel (mm). 
The pressure ratio is the ratio of the inlet pressure and outlet pressure, p0 /p2 • 
The design command line is only read if calculation option 2 or 3 is given. 
It is therefore not necessary to remove the design command line if a calculation 
with method 1 is necessary. 
4.5 Implementation 
There is also a possibility to give a value for the shaft speed at off-design condi-
tions. This is implemented by giving an additional design command line after 
the first design command line. The command line is shown in the example in 
the beginning of this section. This command line has the following format. 
design <off-design speed> 
Results from a simulation with option 2 or 3 are written to the file expander. tex. 
This output file gives additional information about the values used in the cal-
culation of each turbine. The following is given in the output file: 
• The design data for the turbine 
• Temperature for outlet and inlet stream 
• Pressure for outlet and inlet stream 
• Rotational shaft speed 
• Tip speed 
• Jet speed 
• Blade-jet speed ratio 
• Efficiency 
• Mass flow 
4.5 Implementation 
The turbine model is implemented in the n_ew roll;tine AirSolve. This routine is 
developed for the l' Air Liquide plant and can be used for a flow sheet as shown 
in Figure 4.17 with the shown unit names. The routine supports the prospective 
installation of turbine t3 for the LHC-project and the already installed turbine 
t8. Simulations can be performed without a description of t3 and t8 in the 
input file. 
The flow sheet shown in Figure 4.18 explains the solving procedure for 
the expander unit. The two subroutines UnitRates and solve are used, these 
routines are available in the original program and are important parts of the 
simulation. The UnitRates routine specifies all rates and pressure on the flow 
sheet by following all the feed streams to where they end. 
The solve-routine contains an algorithm for solving the given system. The 
mass flows and pressures are given and the specific enthalpies are variables. 
CalcFlow and CalcEff are the subroutines which calculate the mass flow and 
efficiency for a turbine unit, and change them if certain tests are fulfilled. 
After reading the data in the input file the program will proceed to the 


















































Figure 4.17: The l'Air Liquide plant with notations used in the simulation 
program 
4.5 Implementation 
step is to solve the system once without changing the mass fl.ow or the efficiency 
for the turbines. This step could have been omitted but it was decided to do it 
like this in order make the algorithm more robust. The solving of the turbines 
will not be affected if a start value for the feed stream to the turbine is not 
given in the input file. 
In the inner loop of the algorithm the calculation options for all of the 
turbines are checked. Turbine t2, t7 and t8 are not entering the CalcFlow 
subroutine because the mass :fl.ows through these turbines are determined by 
the mass fl.ow from the turbine in front of them. 
Turbine t1 determines the fl.ow through t2. Turbine t6 determines the flow 
through turbine t7 and turbine t8, if present. 
The mass fl.ow calculated by Equation 4.9 is given in the output file expander. tex 
for each turbine at the end of the simulation. If the mass fl.ow is not balanced 
for turbines in series must the pressure ratios over the turbines be adjusted by 
the user. 
If either mass fl.ow or efficiency is changed for a unit in the inner loop, the 
algorithm will be re-executed. The UnitRates will balance the fl.ow in the flow 
sheet according to the changes made to the turbine units. The system is solved, 
the inner loop is executed and solution is reached when neither mass flow nor 
efficiency is changed during the inner loop. 
The mass fl.ow or efficiency is changed if the absolute difference between the 
old value and the calculated value is larger than a certain limit. These values 
are shown in Table 4.8. 




















The turbine model 
no Solution reached 
Figure 4.18: Flow sheet for the AirSolve algorithm. 
4.5 Implementation 
The subroutine CalcEff calculates the efficiency after the method described in 
Section 4.1, it compares the calculated value with the old value and changes it 
if necessary. The routine has the following steps. 
1. Calculate the design jet velocity Cj,d = ./2 ·(ho - h2$)d based on the 
design data given in the input file. 
2. Calculate the design blade velocity u1,d = 7r • D d · nd based on design data. 
3. Calculate the blade-jet speed ratio 'Vd = u 1,d/ Cj,d· 
4. Calculate the jet velocity Cj = ./2 · (ho - h26 ) 
5. Calculate the blade velocity u1 = tr • D · n. If n is not specified will the 
design value be used. 
6. Calculate the blade-jet speed ratio v = u1 /c3. 
7. Calculate the efficiency based on Equation 4.5. 
8. If the absolute value of the difference between the calculated and the old 
efficiency is larger than eps_ef f, the calculated value will be set as the 
new efficiency. 
Figure 4.19 shows the flow sheet for the routine CalcFlow. The ExpFlow sub-
routine calculates the mass flow through the turbine according to Equation 4.9 
deduced in Chapter 4.1. 
The feed mass-flow to the turbine will be changed if dif f > eps_flow. The 
high-pressure flow to the cold box is determined by how much mass fl.ow the 
turbines can handle. If a new mass flow is calculated for a turbine the mass 
flow delivered from the compressor station must also be changed. This high 
pressure stream is number 01 in Figure 4.17. 
If the mass flow is changed for a turbine the split- factor for the splitter in 
front of the turbine must be changed. TaJ:>le 4.~ shows which splitter will be 
adjusted for a certain turbine. This is not done with turbine t6 since no stream 
is splitted off for this unit. The algorithm for CalcFlow is independent of the 
chosen splitter method. 
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Figure 4.19: Flow sheet for the subroutine CalcFlow. 
Chapter 5 
Simulation of the l' Air Liquide 
12 kW plant 
In this chapter the results from the simulation of the 1' Air Liquide 12 kW plant 
will be presented and discussed. The Ts-diagram for the process is given in 
Appendix B. 
Figure 5.1 and 5.2 shows the flow sheet for the Upper and Lower Cold Box 
with the notation used in the input file. In Figure 5.1 the high-pressure stream 
from the compressor station is entering the Upper Cold Box as stream number 
01. The data for this stream is given in Table 5.1. Unit scat the right edge of 











Figure 5.1 is a heater unit. This unit is used for simulating the screen cooling 
of the transfer lines. 
Unit fl at the bottom of Figure 5.2 is the pot used for simulating the liquid 
helium bath around the cavities. The pot duty flq represents the heat load 
from the cavities. Stream 20 is split off to heater If. The stream corresponds 
to the liquefaction mass fl.ow of 13.0 g/ s, for cooling of cavity screens. 
The efficiencies used for the turbine simulations throughout this chapter 
were calculated from the Ts-diagram. The calculation of the correct is entropic 
efficiencies was described in Section 2.2 and they are given Table 2.1. 
The input for off-design calculations of the turbines is given in the design 
command line. The design data for the turbines shown in Table 4.1 are used as 
input for this command line. As discussed in Section 4.2 turbine t4 is running 
with a higher speed than design speed. The speed measured for turbine t4 at 
100 %-mode shown in Table 4.3 is therefore used as input. The complete set 
of data used as input for the turbines is shown in Table 5.2. The input for the 
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Figure 5.1: The flow sheet for the Upper Cold Box of the l'Air Liquide 12 kW 
plant. 



















Figure 5.2: The flow sheet for the Lower Cold Box of the l'Air Liquide 12 kW 
plant. 
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Table 5.2: Input for the off-design simulation of the turbines. 
Turbine t1 t2 t4 t5 t6 t7 
Inlet press. (bar) 17.75 11.9 17.75 17.75 18.4 6.9 
Pressure ratio (-) 1.49 2.78 4.15 4.15 2.66 2.66 
Inlet temp. (K) 198 100 67.1 29.7 10 6.14 
Isentropic eff. (-) 0.782 0.771 0.764 0.809 0.828 0.822 
Mass :flow (g/s) 104 104 115 148 557 557 
Speed (rps) 1590 1474 1780 1518 522 426 
Wheel diam. (mm) 61 67 61 50 52.5 52.5 
off-design calculations of the heat exchangers is taken from the Ts-diagram. 
The UA-values for the heat exchangers, calculated from the Ts-diagram are 
shown in Table 5.3. 
5.1 Design simulation 
A simulation of the l' Air Liquide 12 kW plant is presented in this section. The 
simulation is based on data given in the Ts-diagram for the 100 %-mode The 
simulation is used as a reference in this chapter and referred to as the design 
case. 
The following were taken into account for the simulation: 
• The U A-values calculated from the Ts-diagram. 
• The turbine isentropic efficiencies calculated from the Ts-diagram. 
• The heat losses for the heat exchangers given in the Ts-diagram. 
• The loss of helium fl.ow in the turbine bearings. 
The heat losses for the heat exchangers were included by the routine explained 
in Section 3.2. The bearing gas losses result from a leakage of cold process 
gas through the labyrinth seal towards the break wheel. The losses were taken 
into account by splitting off a stream after the turbines. The flow rate of this 
leakage stream was set to 0.25 g/s for all of the turbines [11]. 
The outlet temperature of heater sc was held at 75 K. This temperature is 
the highest allowable for the 100 %-mode, according to the specifications [1]. 
The mass flow through the heater was adjusted in order to get the specified 
screen cooling. The efficiencies and the dissipated work for each turbine are 
shown in Table 5.4. 
The exergy losses for the units are given in Table D.1 in Appendix D. Units 
not shown in the table have zero exergy loss. Heat exchanger EOl has the 
largest single exergy loss of 105 kW, which is 20 3 of the total exergy loss. 
The total exergy balance for the plant is given in Table 5.5. The exergy 
efficiency is defined as the ratio between the exergy used in the Cold Box and 
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Table 5.3: UA-values calculated from the Ts-diagram 
Item Pass UA (kW/K) 
EOl 01 358.820 
47 144.172 
61 214.648 
E02 03 70.866 
46 28.491 
60 42.375 




E04 05 130.211 
44 52.377 
58 77.834 




E06 08 219.194 
41 70.412 
56 145.781 
E07 74 149.287 
39 32.206 
55 117.080 
E08 12 101.967 
36 22.036 
83 79.931 
E09 13 78.472 
53 78.472 
ElO 15 36.930 
52 36.930 
Ell 17 42.724 
51 42.724 
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Table 5.4: Turbine isentropic efficiencies and dissipated work calculated from 
the Ts-diagram. 
Item !sen. eff Work 
kW 
t1 0.782 12.524 
t2 0.771 14.000 
t4 0.764 13.274 
t5 0.809 7.963 
t6 0.828 5.952 
t7 0.822 1.863 
the exergy input to the Cold Box. The exergy efficiency for the Cold Box is 
59.8 % as shown in Equation 5.1. 
= 778.829 · 100 = 59.83 ~ 1301.762 ° (5.1) 
Table 5.6 gives the calculated values for pot duty and screen cooling power. 





Screen cooling 27.293 
Total useful 778.829 
Losses 522.933 
Exergy to Cold -Box 1301.762 








5.2 Pressure drop in the plant 
5.2 Pressure drop in the plant 
In the design of the l' Air Liquide plant were certain pressure changes not taken 
into account. There is a pressure drop in front of turbine t4 and t5, partly 
because of precoolers for future cooling with liquid nitrogen. Stream number 
29 and 35 are the inlet streams for turbine t4 and t5. 
The pressure of stream 29 and 35 given in the Ts-diagram are shown in 
Table 5.7. The pressure of stream 01 at the inlet of the Upper Cold Box is 
given Table 5.1. The data show that the process was design with no pressure 
drop from the Upper Cold Box inlet to the turbine inlets. 
Stream 14 is the inlet stream to turbine t6. The pressure of this stream is 
given in Table 5.7. Table 5.8 shows the measured values for the same streams 






as in Table 5.7. The data are taken from a performance test in Point 8 [18]. 
The pressure of stream 01was18.84 bar. 
The pressure drop given in Table 5.8 is the difference between the pressure 
of stream 01 and the respective turbine inlet pressure. The relative pressure 
difference for stream 29 is given by Equation 5.2. 
18.84 - 18.26 . 100 = 3.083 
18.84 ° 
(5.2) 
The pressure for stream 14, 29 and 35 in t_?.e s~ulation were calculated by by 
Table 5.8: Measured pressures and pressure drops in Point 8. 
Stream 29 35 14 
Pressure (bar) 18.26 18.32 18.62 
Pressure drop (bar) 0.58 0.52 0.22 
Difference ( 3) 3.08 2.76 1.17 
subtracting the same percentage difference for the corresponding stream. The 
pressure of stream 29 is calculated by Equation 5.3. 
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The pressures used for the simulation are shown in Table 5.9. The following 
was given as input for the simulation: 
• Data from T s-diagran 
• The pressure of stream 14 was set by valve tl2. 
• The pressure of stream 35 was set by specifying the outlet pressure from 
splitter s1. 
• The pressure of stream 29 was set by specifying the outlet pressure from 
splitter s4. 
• Calculation method 3 was used for turbine t4, t5 and t6. 






The calculated pot duty is shown in Table 5.10 and the change in pot duty 
is 7.2 %. The result is compared with the pot duty computed from the Ts-
diagram in Table 5.6. Table 5.11 shows the design values for the turbines, 









compared with the simulated values. The reduction in efficiency for the turbines 
is small. The reduction in mass flow for turbine t4 and t5 is small. A reduced 
pressure will give a lower mass fl.ow, but a reduced temperature will result in a 
higher density and more mass fl.ow. The net effect is therefore small for turbine 
t4 and t5. For turbine t6 is the inlet temperature higher than for the design 
case and the pressure is lower. This results in a smaller mass fl.ow for turbine 
t6. Table 5.12 shows a selection of stream data from the simulation compared 
to the design case. The reduction in mass fl.ow for stream 01 is due to the 
reduced mass fl.ow through the turbines, mainly turbine t6. The temperature 
of stream 10 is reduced. The reduction in mass flow for the medium-pressure is 
small compared to the reduction in mass fl.ow for the high pressure stream. A 
5.2 Pressure drop in the plant 
Table 5.11: Calculated values for the turbines 
Turbine t4 t5 t6 
Design case 
Inlet press. (bar) 17.75 17.75 18.41 
Inlet temp. {K) 67.11 29.73 10.00 
Outlet press. (bar) 4.28 4.28 6.92 
Outlet temp. {K) 45.01 19.16 7.60 
Mass fl.ow (g/s) 114.83 147.64 557.24 
Efficiency (-) 0.764 0.809 0.828 
Calculated 
Inlet press. (bar) 17.20 17.26 17.54 
Inlet temp. (K) 64.17 28.72 10.28 
Outlet press. (bar) 4.28 4.28 6.92 
Outlet temp. {K) 43.38 18.64 7.82 
Mass fl.ow (g/s) 113.80 145.96 536.38 
Efficiency (-) 0.761 0.808 0.825 
higher relative mass fl.ow of medium-pressure stream gives a lower temperature 
for stream number 10. 
Table 5.12: Comparison of stream data for simualtion with pressure drop. 
Stream Design Simulation 
Mass fl.ow 01 (g/s) 923.79 887.323 
Mass fl.ow 10 g/s) 556.203 523.448 
Temp. 10 {K) 19.474 19.096 
Mass fl.ow 36 (g/s) 147.39 145.71 
Temp. 36 (K) 18.796 18.638 
Temp. 83 (K) f9.315 18.930 
Temp. 16 (K) 6.227 6.296 
Temp. 52 {K) 5.254 5.288 
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5.3 Off-design simulation 
The new models for off-design calculations are used in this section. The results 
are compared with measured data from a performance test in point 8 [18]. The 
measured data are shown in Table 5.13. During the test the cooling water 
















temperature was lower than design value. This is affecting the temperature 
of the high-pressure stream 01 from the compressor station. The measured 
temperature of 300 K shown in Table 5.14 was used in the simulations. Stream 
78 is the return stream from the screen cooling. In the 100 %-mode turbine 
t8 was running and the inlet for the Joule-Thomson valve was closed. In the 
two reduced modes the Joule-Thomson valve was in use and the turbine t8 was 
stopped. 














In order to compare the results the following was given as input for the simu-
lations. 
• Input stream 01 
• Pressure for stream 29. 
• Pressure for stream 35. 
• Pressure after the turbines. 
• Temperature of the return stream 78 from the screen cooling. 
The specified outlet pressures for the turbines are shown in Table 5.15. These 
pressures correspond to the pressures measured in the plant. During the sim-
ulation the temperature of stream 78 was fixed to the temperature shown in 
Table 5.14. The flow rate for stream 76 before the heater sc was then adjusted 
by hand in order to get the measured screen load in Table 5.13.The updated 
UA-values are given in Table 5.16. Table 5.17 and 5.18 give a selection of data 
from the plant and from the simulations. The calculated efficiencies are shown 
5.3 Off-design simulation 
Table 5.15: Specified outlet pressures for the turbines. 
Turbine 100 3 75 3 50 3 
bar bar bar 
t1 12.44 10.78 8.11 
t2 4.35 3.55 2.68 
t4 4.35 3.55 2.68 
t5 4.35 3.55 2.68 
t6 8.15 6.68 5.89 
t7 4.06 3.61 3.33 
t8 I jt 1.247 1.247 1.247 
in Table 5.19. As seen from the table are the efficiencies not varying much even 
for the 50 %-mode. The largest drop in efficiency is for turbine t6 which has a 
decrease of 4 3. 
For the UA-values shown in Table 5.16 are the change for each stream of 
approximately 26 3. Stream data for the 75 %-mode is shown in Table 5.17. 
The calculated mass fl.ow for stream 01 is less than the measured. Mass fl.ow 
14 to turbine t6 is also less for the calculated case. 
The results for the 50 %-mode is given in Table 5.18. For this case is the 
calculated mass flows 01and14 larger than the measured value. Mass flow 14 
is 8.6 3 larger than the measured value. 
The simulated values for the pot duty and the screen load are shown in 
Table 5.20. As the performance of the l' Air Liquide plant does not meet the 
design performance it is not possible to directly compare the simulated results 
with the measured. The percentage difference between the simulated and the 
measured value for the 100 %-mode is given as. 
11.937 - 9.984 . 1003 = 16.43 
11.937 ° 0 
(5.4) 
It is presumed that the percentage difference is the same for the two reduced 
modes. The reduced values for the pot duty is shown in Table 5.20 The reduced 
values for the pot duty are compared with measured values, in Figure 5.3. The 
measured pot duty for the 75 %-mode is 5.4 3 higher than the simulated value. 
The measured pot duty for the 50 %-mode is 33.8 3 lower than the value from 
the simulation. 
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Table 5.16: Change of UA-value for the 503-mode 
Unit Pass Calculated {kW /K) Design(kW /K) 
EOl 01 266.134 358.821 
47 110.007 144.172 
61 158.837 214.648 
E02 03 50.554 70.866 
46 21.671 28.491 
60 31.255 42.375 
E03 04 195.863 275.545 
22 24.245 32.534 
45 92.951 123.863 
59 133.949 184.216 
E04 05 91.529 130.211 
44 38.744 52.377 
58 55.534 77.834 
E05 06 46.016 66.738 
78 1.908 2.689 
42 16.657 22.760 
57 33.321 46.667 
E06 08 149.828 216.194 
41 51.805 70.412 
56 104.636 145.781 
E07 74 104.171 149.287 
39 24.824 32.206 
55 - 86.51-1 117.080 
E08 12 73.582 101.967 
36 16.993 22.036 
83 58.785 79.931 
E09 13 58.067 78.472 
53 55.949 78.472 
ElO 15 28.071 36.930 
52 26.380 36.930 
Ell 17 35.366 42.724 
51 32.193 42.724 
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Table 5.17: Results from the simulations compared with measured data for the 
75 %-mode 
Measured Calculated 
Mass fl.ow 01 (g/s) 802.0 752.42 
Mass fl.ow 14 (g/s) 457.12 440.55 
Temp. 14 (K) 9.9 10.66 
Temp. 15 (K) 7.1 8.35 
Temp. 16 (K) 7.2 6.98 
Mass fl.ow 21 (K) 88.73 89.07 
Temp. 21 (K) 200.8 199.65 
Temp. 22 (K) 181.6 179.6 
Temp. 26 (K) 76.2 73.21 
Mass fl.ow 29 (g/s) 90.74 96.50 
Temp. 29 (K) 70.8 66.51 
Mass fl.ow 35 (g/s) 130.37 126.30 
Temp. 35 (K) 27.0 28.49 
Table 5.18: Results from the simulations compared to measured data for the 
50 %-mode 
Measured Calculated 
Mass fl.ow 01 (g/s) 575.0 588.96 
Mass fl.ow 14 (g/s) 322.18 349.94 
Temp. 14 (K) 11.2 11.04 
Temp. 15 (K) 8.8 8.68 
Temp. 16 (K) 8.0 7.13 
Mass fl.ow 21 (K) 67.94 70.17 
Temp. 21 (K) 209.9 206.36 
Temp. 22 (K) 191.2 182.28 
Temp. 26 (K) 85.0 72.76 
Mass fl.ow 29 (g/s) -61.51- 71.71 
Temp. 29 (K) 82.4 77.61 
Mass fl.ow 35 (g/s) 99.32 97.14 
Temp. 35 (K) 29.7 31.43 
Table 5.19: Calculated values and design values for the efficiencies 
Turbine Input 75 % 50 % 
t1 0.782 0.779 0.771 
t2 0.771 0.759 0.737 
t4 0.764 0.762 0.742 
t5 0.809 0.792 0.770 
t6 0.828 0.798 0.788 
t7 0.822 0.822 0.802 
58 Simulation of the l' Air Liquide 12 kW plant 
Table 5.20: Results from the simulations. 
Pot duty 
Screen 
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Electrical consumption ( % ) 
Figure 5.3: Measured and simulated pot duty for Point 8 
5.4 Sensitivity to turbine efficiency 
5.4 Sensitivity to turbine efficiency 
The sensitivity to turbine efficiency for the plant was investigated by a rou-
tine in the simulation program. The relative change in pot duty is given by 
Equation 5.5. 
fl.P 
- = tl.TJ ·e 
P-ref 
(5.5) 
Where e is calculated by the program for a deviation of 5 % in efficiency. The 
value of e and the corresponding inlet temperature for each turbine is given in 
Table 5.21 together with . An example is given for the turbines Table 5.22 with 
Table 5.21: The value of e for each turbine. 
Turbine e Temperature 
K 
t1 0.043 200 
t2 0.109 101 
t4 0.201 66 
t5 0.375 29 
t6 0.450 10 
t7 0.203 6.2 
reference pot duty P-ref = 10.102kW. 
Table 5.22: Calculation example for the turbines. 
Turbine tl.TJ fl.P 
w 
t1 0.06 26.1 
t2 0.06 66.1 
t4 0.06 121.8 
t5 0.06 227.3 
t6 0.06 272.8 
t7 0.06 123.0 
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5.5 Maldistribution in heat-exchanger 
The :first heat-exchanger block in the Upper Cold Box is divided into heat 
exchanger EOl, E02, E03 and E04. The fl.ow is horizontal in the heat-exchanger 
block. 
Due to a maldistribution of the fl.ow are the temperature profiles not uni-
form.. Measurements were performed by 1' Air Liquide by attaching temperature 
sensors at the surface of the heat exchanger. Measurements were done for the 
plants in point 2 and 8. 
One side of the heat-exchanger block is shown in Figure 5.4. Equally spaced 
temperature sensors were attached on heat exchanger EOl and E04 as shown in 
the figure. The direction of the high-pressure fl.ow from the compressor station 
is shown in Figure 5.4. Temperature sensors were also attached on the opposite 











Figure 5.4: Side-view of heat exchanger block with temperature sensors. 
The temperature difference is most si~can~ for heat exchanger EOl. Curve 
number 1 and 2 are measurements from the plant in Point 2. The two curves 
represents measurements on opposite sides of the heat exchanger. 
The curves indicate a maldistribution both horizontal and vertial. The 
measurement for E04 show a smaller temperature difference both horizontal and 
vertical. In order to have an idea of the influence of a degradation, simulations 
were made with a reduced UA-value for the heat exchanger block. 
Since there is a marked difference in heat exchanger EOl, the U A-values for 
each stream in this heat exchanger were reduced. Three simulations were made 
with 75 %, 50 3 and 40 3 of the design U A-value. 
5.5 Maldistribution in heat-exchanger 
The following were used as input for the simulations: 
• Stream data from the Ts-diagram 
• Calculation option 3 for all of the turbines 
• Calculation option 2 for all of the heat exchangers except EOl which had 
calculation option 1. 
• Reduced U A-value for each stream in EOl 
The case with 50 3 reduction in UA-value is described here. The other sim-
ulations showed the same tendency. Data for the turbines are compared with 
the design case in Table 5.23. The change in efficiency for each turbine is small 
Table 5.23: Design case compared with the case with 503 reduced U A-value 
Turbine t1 t2 t4 t5 t6 t7 
Design case 
Inlet press. (bar) 17.75 11.88 17.75 17.75 18.41 6.92 
Inlet temp. (K) 197.87 99.76 67.11 29.73 10.00 6.14 
Outlet press. (bar) 11.88 4.28 4.28 4.28 6.92 2.60 
Outlet temp. (K) 175.01 74.11 45.01 19.16 7.60 5.27 
Mass flow (g/s) 104.09 103.84 114.83 147.64 557.24 556.99 
Efficiency (-) 0.782 0.771 0.764 0.809 0.828 0.822 
503-case 
Inlet press. (bar) 17.75 11.88 17.75 17.75 18.41 . 6.92 
Inlet temp. (K) 231.21 114.94 75.28 32.25 10.80 6.45 
Outlet press. (bar) 11.88 4.28 4.28 4.28 6.92 2.60 
Outlet temp. (K) 204.64 85.52 50.57 20.84 8.04 5.34 
Mass flow (g/s) 96.47 96.22 108.49 141.76 536.38 536.13 
Efficiency (-) 0.777 0.767 0.761 0.808 0.825 0.820 
because the same pressure drop and rotational shaft speed are used. The small 
changes are due to the change in inlet temperature. Since the inlet pressures 
are the same as the design case are the mass flows reduced because of the tem-
perature increase for each inlet stream. The net effect of the reduced UA-value 
is therefore reduced mass flows and increased temperaures in the plant. 
Data for each simulation are compared with data for the design case in 
Table 5.24. A selection of data shows how the temperature rises in the plant 
and the reduction of mass flow 01. 
The reduction of mass flow 01 is due to less mass flow through the turbines. 
The outlet temperature 78 from the screen load was fixed to 75 Kelvin in 
the simulations. Temperature 76 is higher for the cases with reduced UA-
value. Mass flow 76 was increased in order to get the specified screen load of 
approximately 6.7 kW. The pot duty for the 40 %-case has decreased by 12.2 
3 compared to the design case. 
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Table 5.24: Results from the simulations compared with the design case 
Design 75 3-case 50 %-case 40 3-case 
Mass fl.ow 01 (g/s) 923.794 904.537 883.094 870.356 
Mass fl.ow 10 (g/s) 556.203 544.808 536.380 531.164 
Temp. 10 (K) 19.474 20.108 21.271 22.102 
Mass fl.ow 36 (g/s) 147.390 146.178 141.512 138.595 
Temp. 36 (K) 18.796 19.550 20.838 21.766 
Temp. 83 (K) 19.315 19.929 21.044 21.841 
Temp. 52 (K) 5.254 5.293 5.325 5.339 
Temp. 16 (K) 6.227 6.325 6.452 6.529 
Temp. 76 (K) 43.652 46.661 50.883 53.873 
Mass fl.ow 76 (g/s) 40.500 45.000 52.500 60.700 
Screen load (kW) 6.714 6.736 6.678 6.758 
Pot duty {kW) 10.102 9.693 9.195 8.865 
Another simulation was performed where the UA-value was reduced by 50 
% in heat exchanger EOl, 60 % in E02, 70 3 in E03 and 80 % in E04. 
Table 5.25: Case with reduced U A-values in EOl, E02, E03 and E04 compared 
with design case. 
Turbine t1 t2 t4 t5 t6 t7 
Design case 
Inlet press. (bar) 17.75 11.88 17.75 17.75 18.41 6.92 
Inlet temp. (K) 197.87 99.76 67.11 29.73 10.00 6.14 
Outlet press. (bar) 11.88 4.28 4.28 4.28 6.92 2.60 
Outlet temp. (K) 175.01 74.11 45.01 19.16 7.60 5.27 
Mass fl.ow (g/s) 104.09 103.84 114.83 147.64 557.24 556.99 
Efficiency (-) 0.782 0.711 0.764 0.809 0.828 0.822 
Reduced-case 
Inlet press. (bar) 17.75 11.88 17.75 17.75 18.41 6.92 
Inlet temp. (K) 217.90 118.81 80.87 34.45 11.14 6.57 
Outlet press. (bar) 11.88 4.28 4.28 4.28 6.92 2.60 
Outlet temp. (K) 192.78 88.44 54.46 22.33 8.24 5.35 
Mass fl.ow (g/s) 98.96 98.71 104.46 137.16 527.99 527.74 
Efficiency (-) 0.780 0.765 0.758 0.805 0.823 0.818 
5.5 Maldistribution in heat-exchanger 
Table 5.26: Results from the simulations compared with the design case 
Design Reduced 
Mass flow 01 (g/s) 923.794 868.562 
Mass flow 10 (g/s) 556.203 527.988 
Temp. 10 (K) 19.474 22.605 
Mass flow 36 (g/s) 147.390 136.905 
Temp. 36 (K) 18.796 22.330 
Temp. 83 (K) 19.315 22.322 
Temp. 52 (K) 5.254 5.346 
Temp. 16 (K) 6.227 6.571 
Temp. 76 (K) 43.652 55.656 
Mass flow 76 (g/s) 40.500 66.200 
Screen load (kW) 6.714 6.746 
Pot duty (kW) 10.102 8.674 
If the simulation presented in Table 5.25 and 5.26 is compared with the 40 
%-case it is seen that the mass flow 01 is almost the same. Mass flow 10 to the 
Lower Cold Box is reduced because of the higher temperature of the stream. 
The rest of the stream temperature has increased slightly. The pot duty is 




The simulation of the off-design modes in Section 5.3 shows that the pot duty 
is lower than the measured value in the range from 70 3 to 100 3 of electrical 
consumption. A large deviations was encountered for the 50 %-case. The reduc-
tion of the pot duty for the simulated case was based on the difference between 
the pot duties at the 100 %-mode. The problem with the maldistribution could 
have a larger impact at reduced mode. If this is the fact should the calculated 
pot duty be reduced more than shown in Figure 5.3. 
Another aspect is seen from the calculated values in Table 5.18 for the 50 
3-mode. The calculated mass :flow for stream 14 is 8.6 3 higher than the 
measured. The higher mass :flow can not explain the whole difference in pot 
duty. The losses in the Lower Cold Box must therefore be larger in the real 
plant compared to the simulation. One reason could be lower turbine efficiencies 
than the efficiencies calculated by the program. 
The results from the testing of the models in Section 4.2 give an indication 
of a quicker change in efficiency than the efficiency calculated from a parabolic 
curve. The leakage loss between the impeller tip and the outer casing is gen-
erally related to the relative clearance ratio [15]. It is difficult to decrease the 
relative clearance ratio due to manufacturing_ accuracy. Thus the leakage loss 
is in a small turbine is more serious than in a larger turbine. 
As discussed in Section 4.1 the method for calculating the efficiency has 
showed valid results for turbines with a wheel diameter of 150 mm. This is 
however over double the size of the turbine wheels used in the l'Air Liquide 
plant. If the smaller turbines a.re more sensitive to leakage losses at off-design 
conditions the efficiency will decrease faster than for the larger turbines. 
The number of data points is limited but the data plotted in Figure 4.9 
and 4.10 indicate a narrower curve for the calculation of the efficiency. A more 
comprehensive investigation could be performed by gathering more data from 
similar turbines tested by more accurate measurement equipment. 
This could reveal more information about the change of isentropic efficiency 
at off-design conditions and give enough information for fitting a curve to the 
data. This curve could be implemented in the developed turbine model. 
Chapter 7 
Conclusion 
The simulation program Cryoplant developed at CERN has been upgraded for 
making calculations at off-design conditions. The heat-exchanger model in the 
simulation program has been improved. The UA-value in the heat exchanger is 
varying as a function of the volume :flow. The development of the model is based 
on measured fin data from the fin types used in the Linde plant. 
A turbine model has been implemented in the program. This model calcu-
lates the mass :flow and the efficiency for the operating conditions. A :flow solver 
has been developed for the l' Air Liquide plant. This routine uses the turbine 
model to calculate the mass flow in the plant. 
The mass :flow calculated by the model is in accordance with the measured 
data from the plant. Deviations were encountered for the calculation of the 
turbine efficiencies. It is therefore proposed to make a more comprehensive 
investigation of the turbines. 
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Table A.1: Findata for lf 52 Table A.2: Findata for lf 54. 
Re f iH Re f iH 
100 0.440 0.0480 100 0.400 0.0440 
400 0.150 0.0274 500 0.125 0.0230 
700 0.102 0.0215 700 0.102 0.0200 
1000 0.090 0.0185 1000 0.084 0.0172 
1500 0.075 0.0155 1500 0.074 0.0146 
2000 0.070 0.0140 2000 0.068 0.0130 
2600 0.065 0.0123 5000 0.057 0.0090 
5000 0.058 0.0093 7000 0.056 0.0078 
7000 0.055 0.0081 9000 0.055 0.0070 . 
10000 0.052 0.0070 10000 0.054 0.0067 
Table A.3: Findata for lf 62 Table A.4: Findata for lf 64 
Re f )H Re f iH 
100 0.4000 0.04000 100 0.3600 0.0300 
700 0.0870 0.01730 800 0.0950 0.0190 
1000 0.0706 0.01500 1000 0.0960 0.0185 
1200 0.0646 0.01450 1500 0.0950 0.0180 
1300 0.0626 0.01420 2000 0.0970 0.0170 
1400 0.0613 0.01385 10000 0.0800 0.0090 
1500 0.0600 0.01360 20000 0.0746 0.0070 
5000 0.0510 0.00940 30000 0.0718 0.0060 
20000 0.0422 0.00610 40000 0.0695 0.0054 
50000 0.0377 0.00460 50000 0.0680 0.0050 
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Ts-diagram for the I' Air 
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PROC.23 TURBIHE 1 199.t-1 0-30 1.t:2S:.t9 
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